The application of the hole cleaning device in downhole is a new technology that can improve the problem of cuttings accumulation in the annulus and improve the hole cleaning effect of the wellbore during drilling. In this paper, the Reynolds Averaged Navier-Stokes model, together with the Realizable k-ε turbulence model, are used to perform transient simulations. The effects of rotational speed, blade shape, and helical angle on the initial swirl intensity and its decay behavior along the flow direction are studied. The swirl number, the initial swirl intensity, the decay rate, the tangential velocity distribution, and the variation of pressure are analyzed. The results indicate that the swirl number of the swirl flow exponentially decays along the flow direction. The straight blade and V-shaped blade have different swirl flow induction mechanisms. Under specific drilling parameters, the critical helical angle is determined for both types of blades. When the selection of the helical angle is close to the critical value, the swirl flow will be close to the axial flow, which is of little help in hole cleaning. Moreover, the rotation direction of swirl flow will change when the helical angle exceeds the critical value.
Introduction
In recent years, the large-scale development has been made in complex hydrocarbon reservoirs, i.e., low permeability, unconventional, deep water, etc. The horizontal well drilling technology has been increasingly widely used to enhance the recovery efficiency of complex reservoirs, and it can significantly increase oil and gas production and ease the energy shortage problem [1] . However, in the drilling operation of directional or horizontal wells, with the drilling fluid circulation, the cuttings particles that are cut by drill bit are likely to deposit on the lower side of the annulus and form a cuttings bed due to gravity. Insufficient hole cleaning will lead to safety problems, such as stuck pipe, premature wear of drill bit, high torque, and high drag, especially in the deviated and horizontal wellbores [2] . It is reported that nearly 70% of accidents causing drilling downtime are related to the stuck pipe, while almost one-third of the total drilling accidents are caused by inadequate hole cleaning [3, 4] . Therefore, for drilling engineering, the effective removal of cuttings particles is of great significance in ensuring drilling safety and improving drilling efficiency.
Methodology

Numerical Model
The geometric model of the concentric annulus is composed of a drill pipe and a casing. The required inlet section length of the turbulent flow L e is calculated by Munson [20] to ensure that the fluid reaches the complete development stage before entering the area of the blade.
L e = 4.4D h (Re D ) 1/6 (1)
where D h is the hydraulic diameter; Re D is the Reynold number; ρ is the fluid density; U in is the axial velocity; and, µ is the dynamic viscosity. Through calculation, the hole cleaning device is placed on the outer surface of the drill pipe at 0.4 m from the inlet. The hole cleaning device is simulated as a spiral blade for simplification; the overall length of the hole cleaning device is 0.1 m. If angle of inclination is 90 • , then can be regarded as horizontal. The geometry of the blade depends on the height, angle, number, and length of the blade. However, for this study, the discussion on blade structural parameters will be limited to the helical angle of the blade, and other parameters, such as blade height, are selected as constant values. This is because the increase of blade height can improve the ability to induce swirl flow, but the design of the blade height is not allowed to be too large in a complex downhole environment, so the blade height is not taken into account. At the same time, in order to observe the decay phenomenon of the swirl flow intuitively, the shear force that is applied to the fluid by the rotation of the drill pipe is ignored, and only the influence of blade rotation is considered. The main parameters for the geometrical and operating conditions in the numerical simulation are presented in Table 1 . Table 1 . Geometrical parameters and operating conditions in the numerical simulation. Based on the results of literature research, two different shapes of blade, the straight blade and the V-shaped blade, are selected. For both shapes of blade, the height of the blades is h/D h = 0.25 and helical angles of α = 0 • , ±10 • , ±20 • , and ±30 • are used in this study. As seen from Figure 1 , according to the right-hand rule, the rotation axis of the blade is in the negative direction of the z-axis. It is also consistent with the rotation direction of the drill pipe in the actual situation in drilling engineering. Moreover, the different blade generation direction is also considered. It is defined that the blade is the positive blade when the generation direction of the blade (for the V-shaped blade, it is the second stage of the blade) is clockwise, its helical angle is positive; conversely, its helical angle is negative. 
Governing Equations
The governing equations are described by the unsteady Reynolds averaged Navier-Stokes equations. For incompressible fluids, the mass conservation equation and the momentum conservation equation are written, as follows:
where xi is the Cartesian coordinate; ()i and ()ij represent the index tensor notion; t is the time; i u and p denote the ensemble averaged velocity and pressure of the fluid field; gi is the acceleration of gravity; and, 
in which k is the turbulence kinetic energy (TKE); δij is the Kronecker delta (δij = 1 for i = j and δij = 0 for i ≠ j); and, μt represents the turbulent dynamic viscosity, which is calculated from:
The above equations are solved using the Realizable k-ε model. It has been found that this model is more accurate than all of the k-ε models, especially for separated flows, boundary layer flows involving high-pressure gradients, and flows with complex flow structures. Thus, it is suggested that 
where x i is the Cartesian coordinate; () i and () ij represent the index tensor notion; t is the time; u i and p denote the ensemble averaged velocity and pressure of the fluid field; g i is the acceleration of gravity; and, −ρu i u j is the Reynolds stress term, which is related to the average velocity gradients in the following way:
in which k is the turbulence kinetic energy (TKE); δ ij is the Kronecker delta (δ ij = 1 for i = j and δ ij = 0 for i = j); and, µ t represents the turbulent dynamic viscosity, which is calculated from:
The above equations are solved using the Realizable k-ε model. It has been found that this model is more accurate than all of the k-ε models, especially for separated flows, boundary layer flows involving high-pressure gradients, and flows with complex flow structures. Thus, it is suggested that the Realizable k-ε model is suitable for the current problem [21] . The modeled transport equations for turbulence kinetic energy and its dissipation rate in the Realizable k-ε model are as follows:
where k is the TKE and ε is the dissipation rate of the TKE; σ k and σ ε are the turbulent Prandtl numbers of the k equation and ε equation respectively; C 2 is a constant; and, the generation of TKE due to the mean velocity gradients G k is calculated as:
where S is the modulus of the mean rate of strain tensor defined as:
The coefficients that appeared in the above Realizable k-ε equations are as follows,
, and C 2 = 1.9. One of the essential parameters in characterizing the swirl flow is the swirl number S n , which was first proposed by Chigier and Beer [22] . It is defined as the ratio of the tangential momentum flux to the axial momentum flux, as given by:
where R 1 and R 0 are the radius of the drilling pipe and casing, respectively; u is the axial velocity; w is the tangential velocity; and, r is the radial coordinate. Since the swirl number is a scalar, in order to describe the rotation direction of the swirl flow using the swirl number, the sign convention of the swirl number S n is defined, such that the S n is positive when the rotation direction of swirl flow is consistent with the rotation direction of the blade; conversely, S n is negative. The decay of swirl flow can be evaluated by the decay rate β, which is the main parameter in studying the swirl flow. The decay law of swirl intensity can be expressed by the following formula:
where S 0 is the initial swirl intensity and L is the distance away from the blade.
Mesh Model and Boundary Condition
The velocity inlet and pressure outlet conditions are assigned to the entrance and exits of the annulus. The nonslip boundary condition is used for the wall. Turbulence is specified regarding the intensity and hydraulic diameter of the inlet. The turbulence intensity is defined as the ratio of the root-mean-square of the velocity fluctuations to the mean velocity, which is calculated, as follows [23] :
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The method of Sliding Mesh (SM) is used to simulate the rotation of the blade domain. The momentum and mass exchange between the static and rotating domains is accomplished by the interface. The mesh system is one of the major concerns in numerical simulation. To obtain the high-quality mesh system, we employ structured grids in this study. Modeling of the near wall zones is accomplished by using the standard wall function. To better capture the flow details near the blade, the meshes near the blades are refined locally, which is shown in Figure 2 .
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Numerical Scheme
Three-dimensional and transient simulations have been carried out. The governing set of partial differential equations is a discretized utilization of the finite volume technique. The velocity and pressure fields are coupled with the Semi-Implicit Method for Pressure-linked Equation (SIMPLE) algorithm. The second order implicit scheme is used for the transient formulation. Additionally, the schemes for spatial discretization are gradient-least squares cell based, pressure-second order, momentum-second order upwind, and modified turbulent viscosity are second order upwind as well. All of the simulations are carried out at a time step of 0.001 s with 20 iterations per time step. The relative error between two successive iterations is specified through the use of a convergence criterion of 10 −5 for each scaled residual component. All of the simulations in this work are performed using a workstation with the Core i7 processor and a total memory size of 16 GB RAM.
Grid Independence and Model Validation
A grid independence check was conducted over four different grid systems, 313,228, 380,228, 437,828, and 553,028 cells for a straight blade with α = 0°, and y + was maintained at the order of unity. Table 2 shows the prediction results. The pressure drops and the mean tangential velocity at a sampling surface for the 437,828 cells grid are changed by less than 0.17% and 0.54%, respectively, as 
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Grid Independence and Model Validation
A grid independence check was conducted over four different grid systems, 313,228, 380,228, 437,828, and 553,028 cells for a straight blade with α = 0 • , and y + was maintained at the order of unity. Table 2 shows the prediction results. The pressure drops and the mean tangential velocity at a sampling surface for the 437,828 cells grid are changed by less than 0.17% and 0.54%, respectively, as compared with the finest grid, 553,028 cells. Therefore, the 437,828 cells grid system is adopted to balance the prediction accuracy and convergence time. To assess the validity of the numerical model for the decay behavior of swirl flow, the numerical results were compared with the experimental data conducted to investigate the swirl flow from Fokeer et al. [9, 24] , as shown in Figure 3 . In Fokeer et al.'s experiment, a 0.4 m length of the three-lobed helical pipe was installed 1.9 m downstream of the inlet cone, the strength of the induced swirling flow information, and the decay rates are quantitatively studied. The numerical model performs well with the experimental data in predicting the decaying swirl flow.
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Results
Analysis of the Effect of the Rotational Speed
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It is shown that increasing the rotational speed can effectively improve the intensity of the swirl flow in the annulus under the condition of low rotational speed, such as 80 rpm. Additionally, an excessive rotational speed will not bring about too high swirl strength gain; however, the risk of Bottom Hole Assembly (BHA) wear and failure will increase. The swirl number S n exponentially decays along the flow direction. This result is consistent with previous works in the literature [24] [25] [26] . At the same time, the decay equations of four different rotational speeds are obtained by fitting the four curves. It is known from the result that the decay rate β of swirl flow increases with the increase of rotational speed, and the decay rate β of 200 rpm is about 10.3% higher than that of 80 rpm. This phenomenon is due to the decay rate β, which is a function of the friction coefficient f, and at a high rotational speed, the swirl flow resists wall friction and the shear loss that is caused by fluid viscosity is bigger [27, 28] .
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velocity and the distribution range of the fluid with a high tangential momentum increase with the increase of rotational speed, while the maximum tangential velocity can exceed 0.55 m/s at 200 rpm. At the same time, the tip leakage vortex with reverse rotation will be produced in the gap between the blade and wellbore. The intensity of the tip leakage vortex increases with the rotational speed, but it dissipates gradually along the flow direction. Figure 6 illustrates the tangential velocity distribution curve at z = 1.0 m with different rotational speed. It can be seen that the tangential velocity peaks in the center area and decreases gradually along the radial direction towards the wall. Near the wall, the tangential velocity rapidly decreases and then reaches zero at the wall surface. The profile of tangential velocity distribution is similar to that of a Rankine vortex. The high rotational speed will lead to greater tangential velocity in the swirling flow, and the tangential momentum transfer capacity of the flow of downstream grows with the increase of the rotational speed. Therefore, at z = 1.0 m, high rotational speed leads to a larger tangential velocity distribution at this cross-section, which significantly contributes to the removal of deposited cuttings bed. Figure 7 shows the vorticity distribution and the stream traces of the fluid at the end crosssection of the straight blade at α = 0°, with four different rotational speeds. It can be seen that under the action of the blade rotation, there will be a vortex opposite to the blade rotating direction behind the suction surface and near the wellbore wall, that is, the tip leakage vortex. This is due to the leakage of fluid through the tip clearance under the pressure difference between the pressure surface and the suction surface [29] . With the increase of rotational speed, the tip leakage vortex gradually moves to the central region of the flow channel, and the influence range of the vortex becomes small. This phenomenon is present as the tangential kinetic energy of the mainstream region increases with the increase of rotational speed. At high rotational speed, the absorption ability of the mainstream to the tip leakage vortex increases, which reduces the distribution region of the leakage vortex. Figure 7 shows the vorticity distribution and the stream traces of the fluid at the end cross-section of the straight blade at α = 0 • , with four different rotational speeds. It can be seen that under the action of the blade rotation, there will be a vortex opposite to the blade rotating direction behind the suction surface and near the wellbore wall, that is, the tip leakage vortex. This is due to the leakage of fluid through the tip clearance under the pressure difference between the pressure surface and the suction surface [29] . With the increase of rotational speed, the tip leakage vortex gradually moves to the central region of the flow channel, and the influence range of the vortex becomes small. This phenomenon is present as the tangential kinetic energy of the mainstream region increases with the increase of rotational speed. At high rotational speed, the absorption ability of the mainstream to the tip leakage vortex increases, which reduces the distribution region of the leakage vortex. 
Analysis of the Effect of the Helical Angle
Influence of the Helical Angle of the Straight Blade
The helical angle is the primary structural parameter of the blade. A deflection of the axial fluid flow is caused by its variation. Figure 8 shows the curves of the swirl number Sn distribution along the flow direction with different helical angles of the straight blade at 120 rpm. It can be seen from the diagram that the swirl flow decays along the flow direction in the same exponential manner with different helical angles. The initial swirl intensity S0 decreases with the increase of helical angle for positive blades, As the helical angle α = 20° and α = 30°, the swirl number is negative, which indicates that the flow direction of the swirl flow that is induced by the blade has changed, which is opposite to the rotation direction of the blade. The initial swirl intensity S0 increases with the decrease of helical angle for the negative blades, and the negative blade is more capable of inducing swirl flow than the positive blade. It can reach S0 = 0.36 at helical angle α = −30°. The law of change in the decay rate of the positive blade is not obvious, but the decay rate of the negative blade is positively correlated with the initial swirl intensity, which indicates that the greater the intensity of the induced swirl flow, the greater the friction consumption of the resistance wall, which leads to a greater decay rate. 
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where n 0 is the revolutions of the blade per minute. The critical angle ψ can be calculated based on the given parameter settings of this article for ψ = 10.47 • , due to, at this helical angle, the initial swirl intensity being zero. When the helical angle is close to the critical angle ψ, the flow is nearly axial, which indicates zero swirl intensity. Figure 9 shows the relationship of the initial swirl intensity and the helical angle of the straight blade, and the fitting equation is obtained by fitting the curve. It can be seen from the diagram that the initial swirl intensity is linearly distributed with the helical angle, and the value of initial swirl intensity decreases linearly with the increase of the helical angle value. According to the fitting equation, the critical helical angle obtained is 10.91 • . The difference between the fitting value and the calculated value of equation 15 is about 4.2%. The results show that it is necessary to pay attention to the design of the helical angle of the positive blade in order to ensure that the helical angle will not be close to the critical value when the drilling parameters change. Otherwise, the flow will be close to the axial flow and the application effect will be significantly reduced. where n0 is the revolutions of the blade per minute. The critical angle ψ can be calculated based on the given parameter settings of this article for ψ = 10.47°, due to, at this helical angle, the initial swirl intensity being zero. When the helical angle is close to the critical angle ψ, the flow is nearly axial, which indicates zero swirl intensity. Figure 9 shows the relationship of the initial swirl intensity and the helical angle of the straight blade, and the fitting equation is obtained by fitting the curve. It can be seen from the diagram that the initial swirl intensity is linearly distributed with the helical angle, and the value of initial swirl intensity decreases linearly with the increase of the helical angle value. According to the fitting equation, the critical helical angle obtained is 10.91°. The difference between the fitting value and the calculated value of equation 15 is about 4.2%. The results show that it is necessary to pay attention to the design of the helical angle of the positive blade in order to ensure that the helical angle will not be close to the critical value when the drilling parameters change. Otherwise, the flow will be close to the axial flow and the application effect will be significantly reduced. Figure 10a , because the helical angle is close to the critical value, the flow is close to the axial flow, so the tangential velocity distribution is not apparent. As can be seen from Figure  10b and 10c, the rotation direction of the swirl flow is opposite the rotation direction of the blade due to the helical angle exceeding the critical value. At the same time, the rotation direction of the tip leakage vortex also changed due to the change of the rotation direction of the swirl flow. However, this phenomenon does not occur in negative blades configuration, as shown in Figure 10d , 10e, and 10f. For negative blades, the tangential velocity increases with the decrease of helical angle. The maximum tangential velocity of swirl flow that is induced by the negative blade is about 2.6 times higher than that of the positive blade at the same helical angle. Figure 10a , because the helical angle is close to the critical value, the flow is close to the axial flow, so the tangential velocity distribution is not apparent. As can be seen from Figure 10b ,c, the rotation direction of the swirl flow is opposite the rotation direction of the blade due to the helical angle exceeding the critical value. At the same time, the rotation direction of the tip leakage vortex also changed due to the change of the rotation direction of the swirl flow. However, this phenomenon does not occur in negative blades configuration, as shown in Figure 10d -f. For negative blades, the tangential velocity increases with the decrease of helical angle. The maximum tangential velocity of swirl flow that is induced by the negative blade is about 2.6 times higher than that of the positive blade at the same helical angle. direction of swirl flow also changes; the maximum tangential velocity in this section can reach 0.05 m/s and 0.15 m/s. The swirl intensity of the negative blade increases with the decrease of helical angle while the rotation direction keeps the same as the rotation direction of the blades. The swirl flow that is induced by the positive blade at different helical angles at z = 1.0 m cross-section still has considerable tangential kinetic energy, and the maximum tangential velocity is around 0.3 m/s at α = −30°. Figure 12 shows the vortex distribution and the stream traces at the end cross-section of the straight blade with different helical angles. It can be seen from α = 10°, α = 20°, and α = 30°, the ability of the positive blade to induce swirl flow is poor, for example, when the helical angle is α = 10°, the ability to induce the swirl flow is feeble and the central region of the flow channel is almost occupied by the tip leakage vortex. When the helical angle is α = 20° and α = 30°, with the increase of the swirl flow intensity, the influence range of the tip leakage vortex gradually becomes smaller, and the swirling effect gradually takes the upper hand. The rotation direction of the swirl flow is changed due to the deflection of the blade to the fluid. This phenomenon results in the swirl flow opposite to the direction of rotation and the tip leakage vortices in the same direction of rotation. The tip leakage vortex can also be seen in negative blades, such as for helical angle α = −10° and α = −20°, but it cannot be seen at α = −30°. With the decrease of the helical angle, the intensity and range of the tip leakage vortex decrease gradually, and finally disappear when α = −30°, which is completely absorbed by the mainstream high-intensity swirling flow. Figure 13 shows the distribution of swirl number along the flow direction of the V-shaped blade with different helical angles at 120 rpm. It can be seen from the diagram that, for the positive blades, the rotation direction of the swirl flow is the same as that of the blade when the helical angle is small, such as, at α = 10 • , the swirl number is positive. When the helical angle exceeds a certain angle, the rotation direction is changed to the opposite direction and the initial swirl intensity S 0 decreases with the increase of the helical angle. The initial swirl intensity S 0 of the negative V-shaped blade, however, decreases with the decrease of the helical angle, while its rotation direction is always opposite to that of the blade. The swirl number data versus distance under different helical angle configurations are fitted. Due to the strong ability of the negative V-shaped blade to induce swirl flow, the swirl number distribution is more consistent with the exponential law. However, the swirl number data of the positive V-shaped blade at α = 20 • versus distance, it does not comply with an exponential relationship. It is suggested that the main reason for this phenomenon may be that the forced deflection of the front blade to the fluid then counteracts the relative negative pressure effect that is induced by the fluid separation of the back blade. Figure 13 shows the distribution of swirl number along the flow direction of the V-shaped blade with different helical angles at 120 rpm. It can be seen from the diagram that, for the positive blades, the rotation direction of the swirl flow is the same as that of the blade when the helical angle is small, such as, at α = 10°, the swirl number is positive. When the helical angle exceeds a certain angle, the rotation direction is changed to the opposite direction and the initial swirl intensity S0 decreases with The relationship between the initial swirl intensity and the helical angle of the V-shaped blade is simulated, and the fitting equation is shown in Figure 14 . The results show that, when the helical angle increases from 0° to 30°, the initial swirl intensity decreases with the increase of the helical angle (absolute value) and it goes through a critical angle ψ, thus changing the rotation direction of the swirl flow. According to the fitting equation, the critical value of the positive V-shaped blade is calculated to be ψ = 18.1°, and that of the negative V-shaped blade is calculated to be ψ = 3.0°, which indicates that the critical value of the negative blade is much smaller than that of the positive blade. This is because the first segment of the positive V-shaped blade is the negative blade, and at the same helical angle, the negative blade is much more capable of inducing swirl flow than the positive blade. The relationship between the initial swirl intensity and the helical angle of the V-shaped blade is simulated, and the fitting equation is shown in Figure 14 . The results show that, when the helical angle increases from 0 • to 30 • , the initial swirl intensity decreases with the increase of the helical angle (absolute value) and it goes through a critical angle ψ, thus changing the rotation direction of the swirl flow. According to the fitting equation, the critical value of the positive V-shaped blade is calculated to be ψ = 18.1 • , and that of the negative V-shaped blade is calculated to be ψ = 3.0 • , which indicates that the critical value of the negative blade is much smaller than that of the positive blade. This is because the first segment of the positive V-shaped blade is the negative blade, and at the same helical angle, the negative blade is much more capable of inducing swirl flow than the positive blade. Therefore, the positive V-shaped blade is more capable of resisting the rotation direction change of the swirl flow, which leads to a higher critical value of the positive V-shaped blade. Therefore, the positive V-shaped blade is more capable of resisting the rotation direction change of the swirl flow, which leads to a higher critical value of the positive V-shaped blade. Figure 15 gives the tangential velocity contours with different helical angles for the V-shaped blade at 120 rpm. Thus, it is noticed that the rotation direction of swirl flow that is induced by the Vshaped blade is mostly opposite to that of rotation, while the swirl intensity at α = 10° for the positive V-shaped blade is positive. The main reason driving this phenomenon is that, when the helical angle is small, the blocking effect of the blade is weak, and the forced deflection effect of the front blade overwhelms that of the relative negative pressure effect that is induced by the block of the blade. Subsequently, the rotation direction of the swirl flow is consistent with the rotation direction of the blade under the combined effects of blocking and forced deflection. When the helical angle increases, the relative negative pressure effect induced by the block of the blade rapidly increases and exceeds the forced deflection effect. Afterwards, it leads to the rotation direction of the swirl flow, which is opposite to the blade rotation direction. Figure 15 gives the tangential velocity contours with different helical angles for the V-shaped blade at 120 rpm. Thus, it is noticed that the rotation direction of swirl flow that is induced by the V-shaped blade is mostly opposite to that of rotation, while the swirl intensity at α = 10 • for the positive V-shaped blade is positive. The main reason driving this phenomenon is that, when the helical angle is small, the blocking effect of the blade is weak, and the forced deflection effect of the front blade overwhelms that of the relative negative pressure effect that is induced by the block of the blade. Subsequently, the rotation direction of the swirl flow is consistent with the rotation direction of the blade under the combined effects of blocking and forced deflection. When the helical angle increases, the relative negative pressure effect induced by the block of the blade rapidly increases and exceeds the forced deflection effect. Afterwards, it leads to the rotation direction of the swirl flow, which is opposite to the blade rotation direction. Figure 16 shows the tangential velocity distribution curve of the V-shaped blade with different helical angles at the cross section of z = 1.0 m. It is known from Figure 15 that the rotation direction of swirl flow at α = 10° of the V-shaped blade is the same as the rotation direction of the blade. Thus, the rotation direction at z = 1.0 m is still positive. For the positive V-shaped blade and the negative Vshaped blade, when the helical angle increases from 0° to 30°, the relative negative pressure that is induced by the flow separation sharply increases. At the same helical angle, the tangential velocity of swirl flow that is induced by the negative V-shaped blade is greater than that of the positive Vshaped blade. Figure 17 shows the vorticity distribution and the stream traces at the end cross-section of the V-shaped blade with different helical angles. When compared with the straight blade that was presented previously, the swirl flow induction mechanism of the V-shaped blade is different. The swirl flow induction by the straight blade mainly depends on the forced swirl flow that is caused by the deflected flow passing the blade, while the swirl flow induced by the V-shaped blade is mainly caused by the relative negative pressure that is generated by the fluid separation under the action of inertia caused by the blockage of the blade. Under the action of V-shaped blades, there will be two kinds of eddy currents in the flow channel. One is the tip leakage vortex that is caused by the pressure difference. The other is the eddy current caused by the relative negative pressure in the flow channel that is caused by the fluid through the second stage of the blade due to the barrier of the blade and the inertia of the fluid itself. The increase of helical angle (absolute value) will increase the intensity of these two eddies, but the change of the eddy current strength caused by the latter is more obvious. At a low helical angle, the relative negative pressure effect is not strong, but the intensity and the range of eddy current in the relative negative pressure region are greatly enhanced with the increase of the helical angle (absolute value). Even the tip leakage vortex is attracted and ruptured by the relative negative pressure vortex. When the helical angle (absolute value) continues to increase, such Figure 17 shows the vorticity distribution and the stream traces at the end cross-section of the V-shaped blade with different helical angles. When compared with the straight blade that was presented previously, the swirl flow induction mechanism of the V-shaped blade is different. The swirl flow induction by the straight blade mainly depends on the forced swirl flow that is caused by the deflected flow passing the blade, while the swirl flow induced by the V-shaped blade is mainly caused by the relative negative pressure that is generated by the fluid separation under the action of inertia caused by the blockage of the blade. Under the action of V-shaped blades, there will be two kinds of eddy currents in the flow channel. One is the tip leakage vortex that is caused by the pressure difference. The other is the eddy current caused by the relative negative pressure in the flow channel that is caused by the fluid through the second stage of the blade due to the barrier of the blade and the inertia of the fluid itself. The increase of helical angle (absolute value) will increase the intensity of these two eddies, but the change of the eddy current strength caused by the latter is more obvious. At a low helical angle, the relative negative pressure effect is not strong, but the intensity and the range of eddy current in the relative negative pressure region are greatly enhanced with the increase of the helical angle (absolute value). Even the tip leakage vortex is attracted and ruptured by the relative negative pressure vortex. When the helical angle (absolute value) continues to increase, such as α = ±30 • , the tip leakage vortex in the flow channel is entirely absorbed by the relative negative pressure vortex, and the rotation direction of the swirl flow will be the opposite of the rotating direction of the blade. 
Influence of the Helical Angle of the V-Shaped Blade
2019, 7, x FOR PEER REVIEW 16 of 23 positive V-shaped blade at α = 20° versus distance, it does not comply with an exponential relationship. It is suggested that the main reason for this phenomenon may be that the forced deflection of the front blade to the fluid then counteracts the relative negative pressure effect that is induced by the fluid separation of the back blade.
Analysis of the Effect of the Helical Angle on Pressure Drop
Despite imposing swirl to the fluid flow, the blades of the hole cleaning device also have an undesirable effect on the pressure drop along the flow direction, which means that the losses must 
Despite imposing swirl to the fluid flow, the blades of the hole cleaning device also have an undesirable effect on the pressure drop along the flow direction, which means that the losses must be considered in employing the hole cleaning device. Figure 18 shows the variation of the pressure drop of the straight blade and the V-shaped blade with different helical angles. Variations of the pressure imply the amount of mechanical energy loss of fluid flow. Regardless of the positive blade or the negative blade, the pressure drop in the annulus will increase as the helical angle (absolute value) increases. This trend is more pronounced in V-shaped blades. This shows that the flow loss of V-shaped blade is larger than that of the straight blade with the increase of angle. However, the swirling flow induction performance of the V-shaped blade is much more feeble than that of the straight blade, which may be due to the interaction between different vortices in the vortex-induction process of V-shaped blade, which increases the energy dissipation. 
Conclusion
The hole cleaning devices have been used to solve the problem of cuttings accumulation during horizontal well drilling. However, under different parameters, especially under different helical angles, the intensity of swirl flow that is induced by the blade of the hole cleaning device and its decay behavior along the flow direction is not well understood. In this study, the hydrodynamic effects of different blade shape, rotational speed, and helical angle on swirl flow are numerically analyzed by CFD method. The results of the numerical simulation can provide a reference for the design of the hole cleaning device.
The initial swirl intensity increases with the rotational speed, while the increase rate of the intensity decreases with rotational speed, especially at high rotational speed. The swirl flow intensity exponentially decays along the flow direction.
Under certain parameters, there is a critical helical angle ψ for different blades. When the helical angle of the blade is close to the critical value, the swirling effect of the swirl flow induced by the blade is weak, close to the axial flow; when the helical angle is selected to exceed the critical value, the rotation direction of the swirl flow changes.
The straight blade and the V-shaped blade have different helical flow induction mechanism. The swirl flow induction by the straight blade mainly depends on the forced swirl flow that is caused by the deflected flow passing the blade, while the swirl flow induced by the V-shaped blade is mainly caused by the relative negative pressure that is generated by the fluid separation under the action of inertia caused by the blockage of the blade.
Under the same helical angle, the energy loss that is caused by V-shaped blade rotation is larger than that of the straight blade, and the larger the helical angle is, the more obvious the trend is. The V-shaped blade is weaker than the straight blade in inducing swirl flow, which indicates that the 
Conclusions
Under the same helical angle, the energy loss that is caused by V-shaped blade rotation is larger than that of the straight blade, and the larger the helical angle is, the more obvious the trend is. The V-shaped blade is weaker than the straight blade in inducing swirl flow, which indicates that the interaction between different vortices in the vortex-induction process of the V-shaped blade is more obvious, which increases the energy dissipation. 
